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We synthesized hexagonal-disc-shaped MgB2 single crystals under high-pressure conditions and 
analyzed the microstructure and pinning properties. The lattice constants and the Laue pattern 
of the crystals from X-ray micro-diffraction showed the crystal symmetry of MgB2. A thorough 
crystallographic mapping within a single crystal showed that the edge and c-axis of hexagonal-disc 
shape exactly matched the (10-10) and the (0001) directions of the MgB2 phase. Thus, these well- 
shaped single crystals may be the best candidates for studying the direction dependences of the 
physical properties. The magnetization curve and the magnetic hysteresis for these single crystals 
showed the existence of a wide reversible region and weak pinning properties, which supported our 
single crystals being very clean. 

PACS numbers: 74.25.-q, 74.60.Ge, 74.72.-h 



The recent discoveryEl of superconductivity ia, MgB2 
has attracted great scientifidaS and industrialatl inteij^ 
est. Even though basic issues such as the carrier typetl 
were addressed immediately, conflicting reports still ex- 
ist, especially on the transport properties. For example, 
the residual resistivity ratio (RRR) of bulk MgB2 ranges 
from 1.2 to 30.eI 

Higher quality bulk MgB2 (called highRRR-MgB2) has 
been claimed to have a higher values of RRR (20 ~ 25), 
a low residual resistivity (p(40 K) < 1 /ificm), a higher 
magneto- resistance (MR) , and a resistisjity upturn at low 
temperature under high magnetic field.B Insulating impu- 
rities and/or local strains have been sugeestedAs possible 
origins for these different observations.LrErcHid'EJ However, 
very recently, the existence of unreacted Mg successfully 
explained the unusual enhancement of the RRR and the 
MR in polycrystaUine MgB2.l 

Compared to the wide distribution of the RRR 
for polycrystals, the RRR in the ab-plane psisiivity 
for single crystals has a narrow distribution.E3il3 The 
RRR of single crystals ranges from 5 to 6, which is 
much smaller than the values for highRRR-MgB2 bulk 
samples, bui.. S A rnila r to the values for well-prepared 
polycrystals.BlijIlaM The anisotropy factor (7 ~ 3) and 
the Debye temperature (9 ^ 1160 ± 60 K) are also con- 
sistent among various reports.ll3 

It is interesting to note that the magnetic properties 



are somewhat different for different single crystalsjljll^ 
The superconducting transition width in the zero-field- 
cooled magnetization for single crystals as large as a few 
hundred ^m is a little bit broader than expected. The ra- 
tio of the low-field magnetization in the field-cooled (FC) 
state to that in the zero-field-cooled (ZFC) state gives a 
rough indication of the pinning strength, and this ratio is 
quite different for different single crystals. The magnetic 
hysteresis for single crystals having very weak pinning 
can be used to probe impurities. In one report, the mag- 
netic hysteresis contained a significant amount of para- 
magnetic component. In another report, the magnetic 
hysteresis for an aggregation of single crystals showed a 
large ferromagnetic contribution and a significant irre- 
versible magnetizationlia 

For the above reasons, it is necessary to confirm the 
quality of single crystals in more detail before performing 
the main measurements. The existence of impurities and 
structural imperfections on a microscopic scale can result 
in diverse physical properties. Here, we report the growth 
of, as well as X-ray micro-diffraction and magnetization 
measurements for, MgB2 single crystals with hexagonal- 
disc shapes and shiny surfaces. Our single crystals are 
unique as far as the shape is concerned. The diagonal 
length and the thickness for the largest crystal was about 
100 lira and 10 /Ltm, respectively. The crystallinity was 
thoroughly identified by using the Laue pattern in the X- 
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FIG. 1: SEM and polarizing optical microscope images of 
the MgB2 single crystals with a hexagonal-disc shape, (a) 
MgB2 made in a two-step process with a diagonal distance of 
about 25 fim and with a thickness of about 4 fim. (b) High- 
resolution image at the corner of another crystal, and (c) po- 
larizing optical microscope image of a single crystal grown in 
a one-step process, (d) Polarizing optical microscope images 
of MgB2 single crystals. An epoxy was used to fix six single 
crystals at the center of 100-/^m-wide Cu crosshairs. 



ray micro-difFraction measurement. Both the edge and 
the c-axis of the hexagonally shape disc were found to 
match the crystal symmetry. The magnetization study 
showed that pinning was very weak for our hexagonal- 
disc-shaped single crystals. 

Two different procedures were used to grow the single 
crystals, and in both cases, excess Mg was critical for 
the growth of single crystals. The first involved a two- 
step jaethod in which already synthesized pieces of MgB2 
bulktj were used as a seed material. They were heat 
treated in a Mg flux inside a Nb tube, which was sealed 
in an inert gas atmosphere. Then, the Nb tube was put 
inside a quartz tube, which was sealed in vacuum. The 
quartz tube was heated for one hour at 1050°C, cooled 
very slowly to 700°C for five to fifteen days, and then 
quenched to room temperature. The temperature depen- 
dences of the ab-plane resistivities for H/ /ab and H/ /c 
and high-resolution transmission electron microscope im- 
ages have already been reportecUfcr the single crystals 
synthesized using this procedure.EJ 

In the one-step method, 1 : 1 mixtures of Mg and 
B powders were well ground and pressed into a pellet. 
Then, the pellet was placed in a Ta capsule. This capsule 
was put in a high-pressure cell equipped with a graphite 
heater. Heat treatment was done insidp-|a 14-mm cu- 
bic multi-anvil-type press under 3 GPa.tj The heating 
temperature was around 1300°C. The temperature was 
maintained for about 30 minutes, and then was slowly 
lowered to 800 ^ 900°C. The final product was a pellet 
containing a mixture of single-crystalline MgB2 and Mg 
flux. 

It was found that the one-step method usually gave 
larger crystals, which was quite advantageous for the 
magnetization study in this research. The crystal images 



were observed using a polarizing optical microscope and 
a field-emission scanning electron microscope (SEM). We 
successfully separated single-crystalline MgB2 from the 
Mg flux by using a thermo-mechanical spinning method. 
This method is possible due to the fact that the melting 
(and/or decomposition) temperature of MgB2 is higher 
than that of Mg. 

Single crystals with sizes of tens of /im were selec- 
tively handled by using a homemade micro-tweezers and 
were fixed on Si substrates by using a photoresist as an 
epoxy. Since the volume of one crystal made in the one- 
step process was still rather small, we gathered about 
200 single crystals on one substrate with their c-axes 
aligned perpendicular to the substrate surface.ll3 For the 
X-ray micro-diffraction measurements, several crystals 
were fixed at the center of Gu crosshairs on the sub- 
strate, as shown in Fig. ^d).E3 The Cu crosshairs was 
used for the only purpose to facilitate the location of the 
sample by looking at the Cu fluorescence. The magnetic 
properties were measured with a SQUID magnetometer 
(Quantum Design, MPMS-XL). 

The instrument used at the Advanced Light Source 
(ALS) for X-ray micro-diffraction is capable of produc- 
ing a submicron-size X-ray microbeam and with submi- 
cron spatial ijcsolution can probe the local texture in a 
single crystalBl The sample was positioned using the Cu 
fluorescence signal detected from the Cu crosshairs on 
the Si substrate by using a high-purity Ge ORTEC solid- 
state detector connected to a multichannel analyzer. The 
crystal orientation with respect to the substrate can be 
determined with an accuracy of 0.01 degree. 

Figure ^a) shows a typical SEM image for a MgB2 sin- 
gle crystal synthesized in a two-step process. The crystals 
observed by using a polarizing optical microscope had 
hexagonal-disc shapes with edge angles of 120 degrees 
and very fiat and shiny surfaces. The sizes of the crys- 
tals were about 20 ~ 60 fim in diagonal length and 2 ~ 6 
/im in thickness. Figure |l|(b) shows a magnified view of 
the upper corner of another crystal. The smooth sur- 
faces and the sharp edges confirm that our small crystals 
had a very low probability of having mosaic aggregates 
of nanocrystals either along the a6-plane or along the c- 
axis; thus, we had a better chance to study their intrinsic 
properties. The single crystals reported so far, e xcept , f or 
those reported by us, have had irregular shapes. I13i13i1j 

Figure ^c) shows a polarizing optical microscope im- 
age of a MgB2 single crystal synthesized in a one-step 
process, which resulted in larger crystals. The sizes of 
these crystals were 30 ^ 100 /im in diagonal length, so 
they were picked for measurements of the magnetic prop- 
erties and the X-ray micro-diffraction. 

The crystal structure was identified by using white 
beam X-ray micro-diffraction measurements. After posi- 
tioning these single crystals on the substrate in Fig. |l|(d), 
a 100 fim X 100 fj,m region between the Cu crosshairs was 
scanned with a step size of 2 fim. At each step, the Laue 
pattern (together with the Cu K fluorescence signal ) was 
coUected with a BRUKER 6000 CCD camera which has 
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FIG. 2: (a) A representative image of an indexed Laue pat- 
tern from X-ray micro-diffraction, (b) and (c) are, respec- 
tively, for tlie out-of-plane and the in-plane orientations inside 
a single crystal. The out-of-plane orientation showed a vari- 
ation of about 0.2 degrees between the bottom and the top 
parts, indicating a slight bending of the crystal. The in-plane 
orientation also showed slight inhomogeneities of up to about 
0.2 degrees. 



an active area of 9 x 9 cm and was placed about 4 cm 
above the sample. [2500 images, 1024 pixel x 1024 pixel 
mode] The exposure time at each step, was 1 second. An 
example of a Laue pattern obtained from a MgB2 single 
crystal is shown in Fig. ||. The Laue patterns are con- 
sistent with a hexagonal MgB2 structure (a = 3.086 A, 
c = 3.524 A, Space Group number =191, Ref. 1). The 
silicon reflections from the substrate were digitally re- 
moved. Typically, more than 20 reflections with energies 
ranging from 5 to 14 keV were indexed successfully. The 
(0005) reflection in the center of the pattern in Fig. || cor- 
responds to the direction of the normal to the crystal sur- 
face. This confirms that the surface plane normal is along 
the c-axis. Moreover, the hexagonal edges of the crystals 
were found to match the <l,0,-l,0>directions within a 
fraction of a degree resolution. Thus, the shapes of the 
crystals in the microscope image followed the MgB2 crys- 
tal symmetry, which will be quite useful for any research 
of the direction dependencies of the physical properties 
in MgB2. 

Indexing the Laue patterns in Fig. ^(a) allowed us to 
calculate the complete orientation matrix of the X-ray il- 
luminated volume. A finer step size of 1 fim was used for 
the white-beam scan. The orientation variations inside 
the single crystal shown in the right bottom corner of Fig 
|l|(d) are shown in Figs. ||(b) and ||(c). Figure ||(b) is the 
out-of-plane orientation variation calculated as the angle 
between the c-axis and the normal to the surface of the 
silicon substrate. The out-of-plane variation was about 
0.2 degrees between the light orange and the red regions. 
The out-of-plane orientation shows a variation of about 
0.2 degrees between the bottom and the top parts, indi- 
cating a slight bending of the crystal (which might be due 
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FIG. 3: (a) Low-field magnetization curve M{T) mea- 
sured at 20 Oe for H//c and H//ab. (b) Magnetization 
curves measured at 5000 Oe showed a wide reversible region. 
Ti„(H = 5000 Oe) was 26 and 24 K for H//c and H//ah, 
respectively, (c) The magnetic hysteresis M{H) at 5 K; the 
symbols and the line are for H/ /c and H/ /ab, respectively. 



to the photoresist used as an epoxy). Figure g(c) shows 
the in-plane orientation variation calculated as the angle 
between the measured a-axis (or b-axis) and a reference 
directions. The variation was about 0.4 degrees between 
the light blue-green and the green regions. The in-plane 
orientation also showed some inhomogeneities of up to 
about 0.2 degrees. 

These results demonstrate that the orientation of crys- 
tal axis of our hexagonal-disc-shaped single crystals was 
perfect, within 0.2 degrees. A recent study showed that 
(0001) twist grain-boundaries, formed by rotations along 
the c-axis (typically by about 4 degrees), were the ma- 
jor grain boundaries in polycrystalline MgB2JD This kind 
of grain Jpoundary was attributed to the weaker Mg-B 
bonding .0 

To study the bulk nature of the superconductivity, we 
measured the magnetization curve M(T) and the mag- 
netic hysteresis M{H). Figure ^(a) shows the magneti- 
zation curve M(T) measured at 20 Oe in the ZFC and 
the FC states. The onset was about 38 K. The FC 
signals for fields parallel and perpendicular to the c-axis 
were larger than 60% of the ZFC signals, which suggested 
that the pinning was very weak. The overall shape was 
not much different for these two orientations. The differ- 
ent values of the magnetic moment for the different field 
directions were due to a demagnetization-effect caused 
by the planar-disc shapes of the crystals.E3 The transi- 
tion width in the M{T) curve was much narrower thaa 
that for single crystals made in the two-step niethod.Ej 
The volumes of the crystals made in the one-step pro- 
cess were about one order of magnitude larger than the 
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volumes of the crystals made in the two-step process. 

The weak pinning was demonstrated by the magneti- 
zation at 5000 Oe and the magnetic hysteresis M{H) at 
5 K, as shown in Fig. ^(b) and (c), respectively. With 
{M{H~) — M{H^)) — 0.1 emu/cm^ as the criterion for 
the reversible point, the values of Tm{H = 5000 Oe) were 
26 and 24 K for H/ /c and H/ jah, respectively. At each 
temperature, the upper critical fields obtained from the 
resistivity measurements were ahput 1.7 and 6 Tesla for 
our well-shaped single crystals.tj Thus, a very wide re- 
versible region existed in our single crystals, especially 
for ^lah. {Hi„ for bulk MgBa at T = 25 K was about 
3 TE3, which is about 6 times higher than that of single 
crystalline MgB2. ] 

The weak pinning shown by the wide reversible re- 
gion was also consistent with the results of the M{H) 
measurement. The M{H) at 5 K in Fig. |^(c) showed 
negligible paramagnetic or ferromagnetic background up 
to 5 Tesla. Reversible magnetization was dominant for 
the M{H) of our single crystals, which was quite con- 
sistent with fact that the pinning in our single crystals 
was weak and with the existence of wide reversible region 
demonstrated by the lower Hi„ value in Fig ||(b). The 
different slopes of the M{H) curves at the starting low 
fields {H < 300 Oe) for the different field directions were 
due to different demagnetization factors. 

Previously, the M {H) for irregular shaped single crys- 
tals was shown to have a non-negligible irreversible 
contributionEJ and a quite large paramagnetic and/or 
ferromagnetic background signal, |W|hirh might have been 
due to the existence of impurities.ll3li3 The results in Fig. 
^ indicate that the stroBft bulk pinning j-previously re- 
ported for polycrystallineE3 and thin filmiiu might be due 



to entirely extrinsic pinning sites, iSych as grain bound- 
aries and crystallographic defectsBj This is consistent 
with the absence of core pinning, even at T ^ 0.5 x Tc, 
for bulk sample E 

In summary, we report the structural and magnetic 
properties of MgB2 single crystals with hcxagonal-disc 
shapes. The X-ray micro-diffraction showed that the 
hexagonal-disc shape of the single crystal followed the 
crystallographic symmetry, which will be very useful for 
studying orientation-dependent physical properties. The 
magnetization curve and the magnetic hysteresis pro- 
vided consistent evidence that our single crystals were 
very clean and had very weak pinning: the large FC mag- 
netization and the sharp transition of the ZFC magneti- 
zation at low field M{T), the wide reversible region, and 
the M{H, T = 5 K) dominated by the reversible mag- 
netization without any significant paramagnetic and/or 
ferromagnetic contribution. 
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